We demonstrate a three-dimensional (3-D) distributed refractometer that measures refractive index in a small volume. The sensor is based on an evanescent-wave fiber Bragg grating that is interrogated by low-coherence spectral interferometry. The measurement can be performed on a short time scale without the need for a mechanical scan. The new sensor was used to simultaneously measure glucose concentration in several droplets along a single sensor and to interrogate the time-dependent evaporation process of a water droplet. The new measurement technique might enable novel 3-D distributed sensors to be developed and multiple discrete measurements to be made in a small volume.
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Optical f ibers are also attractive for performing in vivo medical biochemical measurements because fibers are small and f lexible enough to be inserted inside thin needles and are nontoxic, chemically inert, and intrinsically safe for the patient. Several methods have been demonstrated for obtaining evanescent-wave refractive-index sensors. 4 -6 However, in all of them the average refractive index was measured along the whole active sensor element, limiting the spatial resolution that could be obtained. In this Letter we demonstrate, for the f irst time to our knowledge, a distributed biochemical evanescent-wave fiber Bragg sensor. The evanescent-wave sensor can measure the refractive index of the medium surrounding the f iber along a fiber length of a few centimeters with a spatial resolution of the order of tens of micrometers. Such high-resolution distributed measurements are needed for investigating several important phenomena such as the propagation of a liquid droplet on a glass surface, propagation of electrical pulses in biological cell clusters, and growth of biological cells. The new measurement technique may also be important for gauging the performance of several biochemical tests in a single sensor with a small volume.
Recently we and our colleagues demonstrated a one-dimensional distributed temperature sensor for measuring temperature prof iles in high-power optical fiber components. 7 The temperature prof ile was measured along an optical fiber Bragg grating with a resolution of the order of tens of micrometers by low-coherence interferometry performed in the spectral domain. The measurement technique does not require a slow mechanical scan. A distributed one-dimensional f iber sensor can also be interrogated by use of a tunable laser 8 or of lowcoherence ref lectometry. 9 The use of an evanescent wave in a sensor limits the interrogated region to a small volume.
In this Letter we demonstrate, for the first time to our knowledge, a three-dimensional (3-D) distributed refractometer that measures the refractive index in a small volume. The sensor is based on an evanescent-wave f iber Bragg grating that is interrogated by low-coherence spectral interferometry.
10 Figure 1 shows a schematic illustration of the sensor. The sensor is based on a D-shaped fiber (D-f iber) with a core located close to the f lat surface of the fiber. The interrogated volume is determined by the prof ile of the field outside the fiber. The volume is limited in one of the directions to a length scale of the order of a few micrometers because of the limited penetration depth of the evanescent field. In the second direction the interrogated volume is limited to a length scale of ϳ10 mm by the mode-f ield diameter of the fiber. In the third direction the interrogated volume is limited to a length scale of the order of tens of micrometers by the resolution of the low-coherence tomography technique that is used to extract the grating parameters. The measurement of the refractive index can be performed on a short time scale without the need for a mechanical scan. 10 The short time scale of the measurement might be important in studies of dynamic effects, such as the propagation of a droplet on a surface. We have demonstrated in the research reported here the simultaneous measurement of the glucose concentration in four droplets along a single sensor. We have also demonstrated a measurement of the time-dependent evaporation process of a water droplet. This new measurement technique might facilitate the development of novel 3-D distributed sensors and enable multiple discrete measurements to be performed in a small volume.
Our new sensor was based on a grating written in a D-f iber. We wrote a uniform fiber Bragg grating with a central wavelength of ϳ1542 nm in a hydrogenloaded optical D-fiber by illuminating the f iber with an UV laser beam by means of a phase mask. The maximum ref lection coeff icient of the grating was ϳ20%. After writing the grating, we etched the D-fiber to obtain a significant evanescent field. Previously it was shown that the smoothness of the etched f iber surface depends on the etchant's composition. 11 We obtained a sufficiently uniform sensor by using a buffered HF etchant with the following composition (volume ratio): 40% NH 4 F:H 2 O:49% HF 62.5:33.3:4.2, and with an etch rate of ϳ40 nm͞min. We performed in situ monitoring of the etching process by measuring the Bragg wavelength shift of the ref lected wave from the grating that was due to the evanescent wave. We stopped the etching when the Bragg wavelength shift was equal to dl 2.4 nm. Figure 2 (a) shows a schematic cross section and a zoom in on the elliptical core of the D-shaped fiber that had a germanium-doped core, a f luorine-doped inner cladding, and a silica outer cladding. Figure 2(b) shows a scanning electron microscope cross-section image of the D-f iber's facet after etching and a zoom in on the core region. Inasmuch as different fiber regions are affected slightly differently by etching, the figure shows a clear image of the fiber structure.
The parameters of the grating were interrogated by low-coherence spectral interferometry. 10 The lowcoherence light source was a broadband fiber laser that operated in a noiselike mode of operation 12 and generated linearly polarized pulses with a bandwidth of 70 nm around a wavelength of 1550 nm. The birefringence of the D-f iber caused the two polarization modes of the f iber to have different Bragg wavelengths. In our measurement we aligned the input polarization state with one of the principal axes of the D-fiber. We achieved polarization alignment by minimizing the intensity of the ref lection peak in the spectrum that was caused by one of the polarization components. The interference spectrum of pulses ref lected from the grating and pulses ref lected from a reference mirror was measured with an optical spectrum analyzer. The impulse response of the grating, h͑t͒, was obtained by use of an inverse Fourier transform of the interference spectrum. 10 The spatial resolution of the low-coherence spectral interferometry measurement technique is determined by the minimum bandwidth of the laser and the grating. For a light source with a bandwidth of 70 nm the spatial resolution can be as short as dz Ӎ 10 mm. Consequently such a measurement technique theoretically can separate ϳ5000 locations in a single sensor element with a length of 5 cm.
Strong coupling between the two counterpropagating waves in a fiber Bragg grating is obtained when the Bragg condition is met. The Bragg condition is highly sensitive to changes in the effective refractive index, n eff . Therefore a variation in the refractive index of the medium surrounding the fiber changes the Bragg wavelength because of presence of an evanescent wave. In our experiment the maximum ref lection of the grating was low (ϳ20%), and therefore the firstorder Born approximation could be accurately used. 7 In the first-order Born approximation, the phase of the impulse response directly gives the change in the effective refractive index:
where q͑z͒ gives the parameters of the grating before the interrogated medium was placed on the f iber 13 and dn eff is the change in the effective refractive index that is due to the medium surrounding the grating. We neglect changes in the refractive-index amplitude that are due to the evanescent wave, because the grating is written mainly in the f iber's core. We also neglect the absorption that is due to the evanescent wave.
We performed two experiments to demonstrate the high spatial resolution and the time-dependent capability of the new 3-D distributed evanescent-wave sensor. In the f irst experiment we placed four liquid droplets with different refractive indices on the same fiber sensor. The f irst droplet was distilled water, and the other three droplets contained D-glucose solutions with concentrations of 1, 2, 3 moles of solute per liter of solution (M). The grating length was ϳ9 mm, the sizes of the droplets were 1 -2 mm, and the spacing between the droplets was ϳ1 mm. We measured and subtracted the extracted effective refractive index before and after adding the droplets. Figure 3 shows the extracted effective refractive-index change caused by adding the droplets. Each step in the refractive-index prof ile was caused by a different droplet. The experimental results show that the effective refractive index increased as the glucose concentration grew, as expected. In the second experiment we measured the evaporation of a water droplet. We placed a distilled-water droplet on the sensor and measured the refractiveindex prof ile every 2 min. Figure 4 shows that the droplet shrank through evaporation from ϳ1.8 to ϳ1 mm after 16 min. After ϳ18 min the droplet disappeared, and only a small amount of noise was measured. The measured interference spectrum bandwidth was 10 nm, and therefore the spatial resolution was ϳ70 mm. Because our measurement technique does not require a mechanical scan, the time resolution between measurements can be much shorter than demonstrated.
Theoretically, the minimum detectable phase change in the impulse-response function is limited by the wavelength resolution of the spectrum analyzer that measures the interference pattern. In practice, the resolution is limited by noise added in the measurement. The accumulated phase of the impulse response depends linearly on the length of the interrogated region, and therefore the sensitivity of the measurement is inversely proportional to the spatial resolution. In our measurements the phase noise was equivalent to a change in the effective refractive index of n eff 4 3 10 25 when the spatial resolution was ϳ70 mm. A conversion of the effective refractive-index resolution into the minimumdetectable change in the external refractive index depends on the f iber parameters and on the refractive index of the surrounding medium. We calculated the dependence of the effective refractive index of the fiber on the external refractive index, n ext , for the f iber shown in Fig. 2 , using the finite-difference method. 14 Assuming that the refractive index of the medium surrounding the f iber is close to the refractive index of water, the minimal detectable change in the external refractive index is ϳn ext Х 4 3 10 23 when the spatial resolution equals 70 mm. We believe that better sensitivity can be achieved by proper thermal and acoustic isolation of the interferometer used in our measurement. In addition, we expect to increase the sensitivity by a factor of 10 by coating the f lat surface of the fiber with a thin high-refractive-index layer.
